Abstract: Strong THz field enhances the THz transmission of photoexcited graphene, increasing carrier scattering rates. High-field also reduces the relaxation time of the photocarriers by opening up the unoccupied states, while photoexcitation retards the relaxation process.
OCIS codes: (160.4236) Nanomaterials; (300.6495) Spectroscopy, terahertz; (300.6530) Spectroscopy, ultrafast We demonstrate extraordinary ultrafast dynamics of photocarriers in graphene induced by strong THz fields whose peak amplitude exceeds 1 MV/cm. We performed time-resolved THz transmission measurements on a single-layer graphene sample which was optically excited by femtosecond laser pulses. We observed that optical excitations and strong THz fields transiently induce transparency in graphene, while the nonlinear THz effect rapidly decays in a few picoseconds. We also found that the relaxation dynamics is sensitive to the THz field strength as well as the optical pump intensity.
Fig1 (a-d) Graphene images of transmitted THz fields (
) for (a) low THz field/no optical pump ( , ), (b) high THz field/no optical pump ( , ), (c) low THz field/strong optical pump ( , ) and (d) high THz field/strong optical pump ( , ) . The delay time between the optical and THz pulses is set to 0.5 ps. (e,f) THz waveforms transmitted through the optically excited graphene sample at various time delays and their transmission spectra (e) for high THz field/low optical pump ( , ). and (g) for low THz field/high optical pump ( , ).
The sample of our study is a CVD-grown single-layer graphene covered with a 180-nm PMMA film. The free-standing graphene/PMMA film is tightly hung on a 2-mm circular hole in an aluminum plate. We measured the transmitted THz pulses using a L-He cooled Si:Bolometer to obtain either spectrally-integrated total THz transmitted power or transmitted THz waveforms via electro optic sampling. Figures 1(a-d) show the THz-field and optical-pump induced transparency in the graphene sample, illustrating the graphene images of transmitted THz fields at the peak ( ) under several different conditions of THz and optical excitation. Both the optical excitation and the strong THz field largely enhance the THz transmission of graphene, indicating that the graphene conductivity undergoes a transient decrease to a great extent.
Our study highlights that strong THz pulses make significant changes in photocarrier relaxation dynamics in graphene. Figures 1(e,f) show the transmitted THz waveforms and their corresponding spectra of the optically excited graphene sample at several time delays between the optical and THz pulses for high THz field/low optical excitation and low THz field/high optical excitation. The THz induced transparency is fully recovered within 4 ps (Fig. 1e) , while the photo-induced transparency lasts much longer (Fig. 1f) .
The decay time of the photo-induced transparency are susceptible to the incident THz field strength. Figure  2 (a-T) as a function of pump delay time and optical fluence when the THz field amplitude is 97, 535, 650 and 930 kV/cm. It clearly shows that the decay time gets shorter as the THz intensity increases, while it gets longer as the optical excitation increases. We obtain the transient conductivity of photoexcited graphene based on Fresnel thin-film approximation and the Drude conductivity. Figure 2e shows the time-resolved sheet conductivity of the optically excited graphene sample as a function of optical pump delay time at optical fluence, for various THz fields. The conductivity decreases as the THz field strength and the optical fluence increase because of the rise in carrier scattering rate in graphene (Fig. 2f) [1] . Figure 2g shows the relaxation time of the photocarriers obtained by fitting the time resolved conductivity data with the single exponential function. THz fields and photoexcitation give rise to opposite effects on the relaxation time. The increase of relaxation times by photoexcitation has been accounted for by reabsorption of optical phonons in the presence of strong optical pump [2] . The relaxation and cooling dynamics in graphene involves many-body interactions among carriers and phonons. The relaxation times increase with increasing optical pump fluence because hot optical phonons are more easily reabsorbed at higher optical excitations [2] . On the contrary, the THz-induced decrease of relaxation times implies that strong THz fields enhance the optical phonon emission. We speculate that the high-field induced deformation of electron distribution contributes to the change in the cooling dynamics. Intense THz fields distort the electron distribution, which can open up extra phase space in the conduction band. The field induced redistribution may facilitate the relaxation of hot carriers and the decay of optical phonons [3] . In conclusion, intense THz pulses and femtosecond laser excitation induce transparency in single layer graphene by transiently increasing the scattering rate of the photocarriers. Strong THz fields and photoexcitation also make significant effects on the relaxation of photocarriers. The relaxation time lengthens as the optical fluence increases because the photocarriers of high density can iteratively reabsorb optical phonons. On the contrary, strong THz fields reduce the relaxation time, which may be because the electrons are redistributed in the conduction band in the presence of intense THz fields and the extra phase space opens up new channels for the relaxation and the phonon emission. y y
